A protruded four-point bending testing method has been developed to characterize the crack initiation of thermal barrier coatings (TBC) near the interface. Two types of protruded TBC specimens, with and without a reinforcement attached on the top of the protruded TBC, were prepared from in-service used transition ducts made of TBC (6% Y203 stabilized Zr02) and bond coatings (NiCoCrAlY) plasma-sprayed over a superalloy substrate. In the unreinforced protruded TBC specimen tests, pre-existing TBC cracks extended in the transverse direction while near interface TBC cracking did not occur, The reinforced protruded TBC specimen hindered the transverse TBC cracking and allowed the formation of TBC cracks adjacent to the oxidized TBC/bond coating interface in a similar mode to in-service TBC spalling. The onset of TBC cracks was identified by a change in the loading rate in the elastic deformation regime. The local stress distribution at the edges of the reinforced protruded TBC was analyzed using finite element analysis. The critical local tensile stress for the initiation of TBC cracks near the interface was estimated for the in-service used transition duct. The near interface TBC cracking behavior in the protruded TBC tests is discussed in light of the applied and residual stress distribution.
INTRODUCTION
In next generation gas turbines for electric power generation, the deposition of ceramic thermal barrier coatings (TBC) and metallic bond coatings (BC) over a rotating blade substrate is required for mitigating elevated temperature environmental attack and thermal conduction. Yttria stabilized zirconia (YSZ) processed by plasma spray (PS) or electron beam-physical vapor deposition (EB-PVD) methods is a strong candidate material for a TBC because of its low thermal conductivity and high toughness (Stecura, 1976) . However, YSZ with high permeability to oxygen is subject to in-service degradation due to the formation of alumina near the TBC/BC interface. Thus it is possible that TBC would spall while in-service due to the buildup of residual stresses arising from the formation of alumina. Different mechanisms of the TBC spelling are operative depending on fine grained or large columnar grained microstructure of the TBC produced by the PS and EB-PVD techniques (DeMasi, et al., 1989 , Meier, et al., 1991 and Jordan, et al., 1997 . The spelling of TBC processed by the PS and EB-PVD methods arise from cracking in the TBC adjacent to the oxidized interface and at the alumina/BC interface, respectively.
The TBC spatting gives rise to a sudden increase in the operating temperature of blade substrates and the exposure of the BC to elevated temperature environmental attack. Thus the TBC spelling induced while in-service must be well characterized to maintain the integrity of advanced gas turbine blades. Several mechanical testing methods, i.e., notched bending tests (Charalambides, et. al, 1990) , pull tests (ASTM Standard, 1979 and Han, et al., 1993) and protruded compressive tests (Johnson, 1996) , have been carried out to investigate the near interface cracking. However, these techniques can not be readily applied to gas turbine blade with a complex shape.
The objective of this study is to develop a protruded four-point bending method, which is applicable to gas turbine blades used in-service, to examine the TBC cracking behavior near the TBC/BC interface. The critical load for the TBC cracking is determined from bending tests on protruded TBC specimens prepared from in-service used transition ducts made of plasma sprayed TBC and BC. The critical local tensile stress for the TBC crack initiation near oxidized TBC/BC interfaces is estimated from the stress intensification at Presented at the International Gas Turbine & Aeroengine Congress & Exhibition Indianapolis, Indiana -June 7-June 10, 1999 -;.00
• the edge of protruded TBC calculated by a finite element method (FEM).
EXPERIMENTAL PROCEDURE Materials
The material used in this study was taken from a transition duct section of a gas turbine combustor operated for about 20000 h with liquefied natural gas fuel. TBC (6% Y203 stabilized Zr02) and .%Cr-23at.%AI-0.2at.%Y) had been deposited over a Ni-based superalloy (Nimonic 263) using an air PS method. The thickness of the TBC and BC were 280 and 50 pin, respectively. The porosity of the TBC and oxidation near the TBCIBC interface induced while in-service were investigated using a scanning Auger microprobe. This was conducted in a sample where the top surface of the TBC had been goldplated to improve conductivity. Comparing unused TBC, it was found (Zhang, et al, 1998 ) that the TBC had been densified particularly near the interface while in-service ( Fig. 1) . A secondary image micrograph and oxygen map near the TBC/BC interface is indicated in Fig. 2 . Note in Fig. 2 that the charging effect of oxides, mainly alumina, produced a shift of an oxygen peak, thereby showing no oxygen image adjacent to the TBC/BC interface . The oxidation (20 gm thick) produced by environmental attack was observed in a wavy form. Some oxides were dispersed in the BC processed by the air PS method
Protruded TBC Specimen Testing
Thin plates were extracted from near surface region of the used transition duct using a diamond cutter and electrical discharge machine. In order to produce a stress concentration effect near the TBC/BC interface, TBC was protruded from the BC and substrate by machining both the TBC ends of the thin plate using a grinding machine. The protruded TBC part included the oxides induced while in-service. By the optical microscopy observation on the side surface of protruded specimens, it was confirmed that the ground edge of the protruded TBC was located near the oxidized interface. Figure 3 shows the dimensions of protruded specimens and fourpoint bending spans used in the present study. We prepared two types of protruded TBC specimens with and without a reinforcement. The reinforcement made of a nickel base superalloy sheet (0.6 mm thick) was attached on the top of the protruded IBC using an adhesive (3M EC2214) with 0.1 mm thick. Figure 4 indicates the root radius profile at the protruded TBC edges taken by optical microscopy. The root radius (p) varied from 0.18-0.23 mm due to the wobbling of the grinding wheel. The used transition duct contained some TBC cracks extending in the transverse direction (Fig.  4) . A substrate-bending specimen with the dimension of 1.2 mm high x 4.7 mm wide x 22 mm long was also machined.
A four-point bending fixture with the supporting span of 16 mm and the loading span of 8 mm was specially designed in order to properly apply the load to the protruded specimens (Zhang, et al., 1998) . The bending fixture was enclosed into the slot of a cylindrical block. Four point bending tests were carried out at room temperature using a screw-driven Instron testing machine. The load vs. deflection was recorded via a computer using the cross-head speeds of 6.4 x 10 4 m/s. The morphology of TBC cracking in load-interrupted protruded TBC specimens was examined by optical microscopy.
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EXPERIMENTAL RESULTS
Similar deformation behavior was observed in bending tests on an unreinforced protruded TBC and a substrate specimen (Fig. 5 ). The cracking morphology was examined in specimens interrupted at the load indicated by arrows in Fig. 5 . As shown in Fig. 6 , pre-I 1.2 existing TBC cracks propagated in the transverse direction. The transverse cracks deflected and eventually extended along the TBC/BC interface in the unreinforced TBC specimen. However, TBC cracking did not occur at the root radius of unreinforced protruded TBC. The loadinterrupted substrate specimen did not reveal the formation of cracks at all. Figure 7 indicates several load vs. deflection curves obtained from tests on reinforced protruded TBC specimens. In the elastic deformation range, a loading rate changed at a critical load (P a). In reinforced protruded TBC specimens interrupted at much higher I 1.2 loads than P, the 113C cracking behavior was examined ( Fig. 8(a) ). A TBC crack initiated from the root radius of the reinforced protruded TBC and extended along the interface in a similar mode to in-service spalling of plasma sprayed TBC. In order to clarify if P c represents the TBC crack initiation near the interface, a reinforced protruded specimen was load-interrupted just prior to and after Pc (B01 specimen in Fig 7) . It was found (Zhang, et al., 1998) that TBC cracking took place in a protruded specimen interrupted just above P c ( Fig. 8(b) ) but not below P.
FINITE ELEMENT ANALYSIS
In an effort to estimate the critical local stress controlling the TBC cracking in the reinforced protruded TBC test, FEM analysis was performed using ANSYS code. The reinforced protruded TBC specimen was considered as a layered structure consisting of the reinforcement, adhesive, TBC and BC/substrate with different elastic properties. The configuration of meshes used for the protruded TBC specimen together with the elastic properties is shown in Fig. 9 . The FEM mesh was created using ANSYS GUI and consisted of isoparametric elements of 1252 and nodes of 4023. Eightnode quadratic elements were applied in the main body of the protruded specimen. To accurately calculate the stress intensification in the root radius area, however, six-node triangular elements were used. Numerical analysis was carried out at the nominal bending stress (on) of 390 MPa for p= 0.1, 0.2 and 0.3 mm for the protruded four-point bending specimen. The value of a n was defined by the applied bending moment at the section of the height of 1.2 mm and width of 4.7 mm. The local stress distribution at the protruded TBC edges calculated by the FEM analysis strongly depends on the elastic modulus (E) of the TBC. The value of E in sintered zirconia is shown to decrease from 240 to 150 GPa with increasing porosity up to 15 % (Ramalcrishnan and Arunachalam, 1993) . However, it is difficult to determine the elastic modulus of the TBC with heterogeneously distributed pores. The elastic modulus in plasma sprayed TBC is regarded as an adjustable parameter in the FEM analysis although it is estimated to be lower than 150 GPa (Miller, et al., 1995 and Funke, et al., 1997) . The in-service used TBC showed lower porosity especially near the interface than the asprocessed TBC due to the sintering effect while inservice (Fig. I) . In the present FEM analysis we therefore employed the same value of E (200 GPa) as the substrate and BC. The selection of 200 GPa is rationalized in the discussion section. Moreover, the wavy alumina layer formed near the TBC/BC interface, which has a higher elastic modulus than the YSZ and BC/substrate, is not taken into account in the FEM analysis.
STRESS DISTRIBUTION AND CRITICAL LOCAL TENSILE STRESS FOR NEAR INTERFACE TBC CRACKING
In the present FEM analysis, the x-and y-axis correspond to the longitudinal and transverse directions of the reinforced protruded TBC specimen. The distributions of longitudinal and transverse tensile stresses (a" and a n) and a shear stress ('c ny) at the root radius of the reinforced protruded TBC were determined Figure 9 . FEM meshes of reinforced protruded specimen for the root radius (p) of 0.2 mm together with the elastic properties used in the FEM analysis. using the FEM code. Figure 10 denotes the plots of the stress components normalized by a n along the contour of the root radius, i.e., against the x distance from the protruded TBC edge for p = 0.2 mm. The maximum stress components (a n", anm and TRI") appeared at the different locations. The distance of the maximum stress components from the edge of the protruded TBC is, in increasing order, a nm, ;yin and a,m. The magnitude of an' was greater than that of a nt" and tny'n which were similar. Comparing the TBC crack initiation site and the local stress intensification (Figs. 8 and 10) , it is evident that the TBC crack initiated at the point of the root radius contour where a.' occurs. Thus the TBC crack initiation is assumed to be controlled by a n'. The root radius changed from 0.18 to 0.23 mm depending on the protruded nic specimen tested in this study. Therefore, the relationship of cr yym.to p was numerically analyzed. It is shown in Fig. 11 that an' normalized by a n is linearly related to the inverse square root of p, as recognized in the elasticity.
It is now possible to determine the critical local tensile stress (a, = a nm) at the onset of TBC cracks near the interface. Using the value of P c measured from the reinforced protruded TBC tests together with the specimen dimension, the value of a n at the crack initiation can be determined. The application of the values of an and p from which the TBC crack initiated to the relationship between a y7/an and 1)45 (Fig. 11) yields the value of a, shown in Table 1 . When the TBC cracks extended from both the edges of the protruded TBC in the J06 specimen, a smaller value of p was used for the estimation of a,. The average cr e value was 234 MPa. Table 1 . Estimation of critical local tensile stress for TBC crack initiation (a n) from nominal bending stress (a n) and root radius (p). Figure 11 . Relationship between maximum transverse stress (a n% normalized by nominal bending stress (an) and p 5.
DISCUSSION
In this study, the protruded TBC bending testing method has been developed to characterize near interface cracking behavior of TBC. In reinforced protruded TBC tests, near interface TBC cracking occurred in a similar mode to in-service TBC delamination. By applying the FEM, the critical local tensile stress for the TBC crack initiation was estimated for the in-service used transition duct. Zhang, et al. (1998) has shown that the stress distribution near the root radius is almost identical in the TBC protruded specimens with and without the reinforcement. However, TBC cracking near the interface did not proceed from the root raduis in the unreinforced protruded TBC specimens. The stress intensification ahead of the tip of cracks induced while in-service is much higher than at the root radius of the unreinforced protruded TBC. Thus the extension of the pre-existing crack in the transverse direction dominated over the TBC cracking near the interface. On the other hand, the reinforcement of the protruded TBC leads to no stress intensification near the transverse cracks so that TBC cracks could initiate from the root radius of the reinforced protruded. TBC and extend adjacent to the interface.
It is postulated that the local tensile stress normal to the interface at the root radius governs the TBC crack initiation. However, in the protruded TBC specimen tested, the maximum principal stress (a rm) occurs in the tangential direction of the contour of the root radius. Figure 12 shows the definition of the angle (0) of the plane, to which cr; is acting normal, and the variations of a:. and 6 along the stress concentrator contour for p = 0.2 mm, i.e., to the x distance from the protruded TBC edge, compared to those of a n and an. The value of 0 increased rapidly near the protruded TBC edge and linearly as the x distance was increased. The value of cr"n agreed with that of a n near the edge of the protruded TEC and far exceeded that of a nn with increasing x distance. The value of a pm converged with that of an near the end of the stress concentrator (x = 0.2 mm). Thus the question arises why the TBC crack did not propagate along the plane where aria is operative. The reason is explained by a residual stress distributed in the TBC. It is known (Scardi, et al., 1997 ) that compressive residual stresses are built-up along the longitudinal direction due to the mismatch in the thermal and elastic properties between the TBC and BC/substrate during the plasma spray processing. The residual stress would have been relieved to some extent by machining the parts of the substrate and TBC in the protruded specimens. Yet, there is a possibility that the compressive residual stress offsets an more than a m thereby lowering an'. Moreover, the presence of partly oxidized BC near the interface is most likely to hinder the inclined crack propagation. In this way, the TBC cracking occurred along the interface rather than along the inclined plane under the action of The critical local tensile stress for near interface TBC cracking in the protruded tests was found to be much higher, compared to the fracture stress in the pull tests (Jordan et al, 1997 and Qian, et al., 1997) . This finding is related to the stressed volume effect on the fracture behavior of ceramics. According to the Weibull statistics (Weibull, 1951) , the most probable maximum size of defects such as pores, microcracks and precipitates, being nuclei of brittle cracks, depends on the stressed volume of the specimens tested. The protruded TBC specimen possesses a much smaller stressed volume, compared to the pull testing one, The most probable maximum size of crack nuclei becomes small in the protruded test, thereby increasing the fracture strength. It has been shown for various ceramics (Richardson, 1982) that the fracture strength in bending is larger than in tension. The characteristics of TBC crack initiation are dependent on the stress state in the specimens tested. Yet, the protruded TBC test is a viable tool for examining the effect of the thermal ageing and environmental attack on TBC cracking and is also applicable to EB-PVD processed TBC by locating the root radius near the alumina/BC interface.
The TBC densification had occurred while in-service due to the sintering effect. Thus the elastic modulus of the in-service used TBC was assumed to be the same as that of the BC and substrate, which was higher than what the other investigators used (Muller, et al., 1995 , Qian, et al., 1997 . To rationalize the present assumption, the effect of the elastic modulus on the distribution of ayy was examined in Fig. 13 . The value of a yym at the root radius in the reinforced protruded TBC decreased with decreasing elastic modulus. For elastic moduli lower than I.50 GPa, the position of a y; was found to be closer to the protruded TBC edge, i.e., away from the interface. In such cases, the location of ay; does not correspond to the crack initiation site. Thus the selection of E = 200 GPa appears reasonable in this study where the presence of alumina with a high elastic modulus is ignored. In a more realistic FEM modeling, the alumina layer near the interface is expected to enhance the value of a n', thereby maintaining the position of a yym near the interface for TBC with smaller elastic moduli. Thus the In order to evaluate the delamination of TBC, there is a need to examine the TBC crack extension along the interface because several microcracics discretely form adjacent to wavy-shaped alumina while in-service (Meier, et al., 1991 , Qian, et al., 1997 . The protruded TBC testing method can be applied to characterize the TBC crack extension by introducing a pre-crack near the interface under the cyclic loading. The TBC crack extension is driven under the mixed modes I and II in protruded TBC specimens containing the pre-crack. The measurement of the P c for the TBC crack growth from the pre-crack together with the FEM analysis enable one to determine the critical crack extension force in near interface TBC.
CONCLUSIONS
An attempt has been made to develop a protruded four-point bending testing method for characterizing the crack initiation near the interface of thermal barrier coatings (TBC)/bond coatings. Two types of protruded TBC bending specimens with and without a reinforcement were prepared from in-service used transition duct sections made of plasma-sprayed TBC (6% Y 203 stabilized Zr02) and bond coatings. In unreinforced TBC specimens tested in bending, pre-existing cracks propagated in the transverse direction while no cracks initiated from the root radius of protruded TBC. The reinforcement of protruded TBC allowed the formation of TBC cracks adjacent to oxidized TBC/bond coating interface in a similar mode to in-service TBC delamination. The onset of cracks was identified by a gradual change in the loading rate in the elastic deformation regime. Taking into account the intensification of transverse tensile stresses at the protruded TBC edge estimated by an elastic finite element analysis, the critical tensile stress controlling the 0.0 0.00 0.05 0.10 0.15 0.20 TBC crack initiation near the TBC/BC interface was estimated to be 234 MPa for the in-service used transition duct. The applied and residual stress distribution are discussed to account for the TBC cracking behavior near the interface observed in the protruded TBC tests.
